The aim of this study was to compare the agreement rate (%) and color difference (ΔE*ab) of three dental color-measuring devices, with the visual shade identification. The tooth color were determined by two operators, which were advised to select a VITA classic shade tab in each other's agreement. The Shadepilot (SP), CrystalEye (CE) and ShadeVision (SV) were used to measure tooth color. Statistically analyses include agreement rate (%), color difference (ΔE*ab), McNemar test (p=0.05), Student's t-test (p=0.05) and Bland Altman scatterplots. The SP had an agreement of 56.3% with the visual shade determination, the CE 49.0% and SV 51.3%. ΔE*ab of the visually and instrumentally selected shade tabs and natural teeth were frequently above the threshold for acceptability. Comparing both methods, for SP ΔE*ab values differ in a range of clinical acceptability.
INTRODUCTION
The characterization and reproduction of tooth color is a great challenge in esthetic and restorative dentistry. The increase in esthetic demands of patients has resulted in the 'positive' development of modern ceramic and composite restoration materials 1) . Thus, perfect agreement in tooth color between the natural dentition and the restoration is the central criterion of quality for the patient and the key to a successful incorporation.
The most popular method for shade matching is the visual method using tooth form shade tabs. Worldwide, VITA classic (VITA Zahnfabrik, Bad Säckingen, Germany) is the most widely used shade guide in dental practice and the laboratory 1, 2) . The organization of the different colored tabs was empirically based while the evidence-based VITA 3D-Master shade guides, Bleachguide, and Linearguide, all manufactured by VITA, cover the color range of human teeth more adequately and thus enhance the likelihood of successful shade matching [2] [3] [4] [5] [6] . The lack of standardization in production leads to equivocal findings on color consistency among shade guides even by the same manufacturer 7) . Additionally, visual color identification depends on many subjective factors, such as the observer's color perception, lighting conditions, translucency, surface structure, and the optical properties of the material used 8) . Despite these interactions, the human eye has the ability to detect very small color differences by comparison. Consequently, the communication of color deviation and correction is currently inadequate 1) . Electronic color-measuring devices have the potential to improve the accuracy and reliability of shade selection 8) . Instruments for clinical shade determination include spectrophotometers, colorimeters, and digital camera systems with corresponding software 9, 10) . Spectrophotometers and colorimeters have integrated standardized illumination and are supposed to be unaffected by the ambient light 11, 12) . Colorimeters measure tristimulus values and filter light in red, green, and blue regions of the visible spectrum, whereas spectrophotometers estimate color by measuring the amount of light energy reflected from an object at 1-25 nm intervals across the entire visible spectrum 13, 14) . Two types of measurement geometries are used, complete tooth surface measurement (CM) and spot measurement (SM). They differ in terms of angle of incidence and reflection, illumination, and sensor and filter combinations 15, 16) . Usually, these devices express results using the CIE system, with which all visible colors can be described 17, 18) . Additionally the data obtained from these electronic color-measuring devices are transformed into shade tab equivalents; thus, each device accesses an internal database 19) . Unfortunately, most of the devices offer only the VITA classic shade tab information. The performance of these instruments is improving. Factors such as curvature of the tooth surface, translucency, non-uniformity of the color properties of teeth, edge loss effects, and aging of the filter may affect the results of these instruments 20) . Regarding the color coordinates obtained by the electronic color-measuring devices, color differences (ΔE* ab) between two objects can be estimated. Different color difference formulas are applied in dental research, which are designed to provide a quantitative representation of the perceived color difference 21, 22) . The most often used formula derived from the CIE L*a*b* system 23, 24) :
Several studies have reported ΔE*ab thresholds for clinical acceptability and perceptible color difference 24) . Indeed, 50% of examiners could perceive a ΔE*ab value≤1 when observing opaque monochromatic samples under controlled conditions (50/50 perceptibility threshold) 2, [25] [26] [27] [28] [29] [30] . Color difference rated as acceptable in the oral cavity is 3.3 ΔE*ab (50/50 acceptability threshold) [30] [31] [32] . Comparisons between visual and instrumental shade matching methods has been an active topic in the dental literature. Some studies reported better results for dental spectrophotometers than visual methods [33] [34] [35] . In another study, the agreement within the observer group was significantly better than that of each device 36) . Additionally, it was found that consensus among observers is important and resulted in better shade matching results than those of individual observers 37) . Significantly higher visual-instrumental agreement was recorded for observers who underwent a special training program to optimize their color perception, regardless of shade guide systems or lighting conditions 38) . The general objective of this study was to evaluate the agreement of three color-measuring devices, using area measurement geometry, with visual shade identification.
Thus, the first hypothesis tested was whether the agreement between visual and instrumental shade tab selection is independent of the measuring device or the targeted tooth.
The second hypothesis tested was whether color differences (ΔE* ab) of the visually and instrumentally selected shade tabs (reference CIE L*a*b* color coordinates) differ in a clinically acceptable manner from the measured CIE L*a*b*-coordinates of the teeth.
MATERIALS AND METHODS
In this study, 56 subjects, 38 females (67.9%) and 18 males (32.1%), participated; their average age was 27±5 years. The region of interest was the middle third of the maxillary central and lateral incisors and the canines. Test subjects with restorations, solid deposits, or stains were excluded. In advance, all subjects underwent a professional tooth cleaning.
Visual shade determination
The shade matching was performed under a D 65 light source (Just Normlicht, Weilheim Teck, Germany). The illumination was adjusted to a 45° angle and the distance between the light source and object to measure 2,000 lx. Incident daylight was excluded by shutting an optically opaque louver. Tooth shade was selected with slightly moistened teeth and dresses were covered with a cloth to minimize visual interference. The visual shade determinations were performed by two calibrated observers who had been tested for color perception deficiencies (Farnsworth test, panel D15 desaturated). Each dentist successfully completed a calibration exercise at the lever of 85% with the VITA classic shade system. The investigators determined the best shade match in each others agreement with no time limit for the middle third of the tooth. In cases were no agreement was stricking, a third experienced observer was consulted. Only one shade guide system (VITA classic; VC) was used. The visually determined VC tab data for each tooth and patient were proceeded by MS Excel (Microsoft, ver. 2010).
Instrumental shade determination
This clinical trial examined three dental colormeasuring devices, two spectrophotometric devices (DeguDent Shadepilot; DeguDent, Hanau, Germany, and Olympus CrystalEye; Olympus, Tokyo, Japan), and one colorimetric device (X-Rite ShadeVision, X-Rite, Grand Rapids, MI, USA), with different operating modes; their specifications are summarized in Table  1 . All measurements (five non-consecutive times per tooth) were performed under the same standardized test conditions by one trained operator.
The DeguDent Shadepilot (SP) was calibrated using the white and green calibration tiles provided by the manufacturer before making images of teeth. The optical hand piece was held at a 90° angle to the target tooth and flush against the gingival matrix. SP measured CIE L*a*b* values for each tooth and automatically selected the closed VC tab from a manufacturer-dependent internal database. The tooth area analysis mode was used and only the color information of the middle third of the tooth was proceeded.
The Olympus CrystalEye (CE) was calibrated using the calibration plate on the docking station prior to measurements. A single-use contact cap was placed on the spectrophotometer head, and then the device was positioned to capture the tooth image. The spectral data of the tooth were analyzed for cervical, central and incisal thirds of the tooth. The best shade match with the VC-system and CIE L*a*b* values were calculated and saved for the central area of the tooth.
The X-Rite ShadeVision (SV) was calibrated on the docking station before and between tooth measurements. SV measured the selected target with the light-reflection at the junction of the gingival and middle third, as At the same moment the devices determined a shade tab code from the VC system. This shade tab was measured as CIE L*a*b* coordinates: C. Color difference (ΔE* ab) for instrumental-instrumental comparison was calculated by means of B and C.
Statistical analysis
Data were imported into a statistical software package (ver. 21.0, SPSS, Chicago, IL, USA). As "visualinstrumental agreement", the percentage of identical choices between visual and instrumental shade tab selection was recorded. The data were compiled and analyzed statistically using the McNemar test (p=0.05).
Color difference (ΔE* ab) was calculated as the mean of all color differences for visual-instrumental and instrumental-instrumental comparison. Color differences (ΔE* ab) between visual-instrumental and instrumental-instrumental were statistically analyzed using the student's t-test (p=0.05).
Comparisons of the different shade selection methods were evaluated using Bland and Altman plots. Thus, the means and differences of the ΔE* ab values (ΔE*diff) between visual-instrumental and instrumentalinstrumental comparison and the 95% limits of agreement were calculated for each device.
RESULTS
SP had an agreement of 56.3% with the visual shade determination using VC shade; this score was significantly higher (p<0.05) than that of CE (49.0%). No significant difference (p>0.05) was noted between SP and SV (51.3%).
The agreements differed significantly between the types of teeth evaluated; the central incisor had the highest agreement in both methods. These results are summarized in Table 2 . For the SP device, significantly lower agreement rates were found when the right canine and the left lateral incisor were evaluated (p<0.05). For the CE, both canines and the left lateral incisor showed statistically significantly lower agreement rates (p<0.05). Only the SV device showed no significant difference among the types of teeth (p>0.05). Color difference (ΔE*ab) presented as visualinstrumental and instrumental-instrumental color differences is displayed in Table 3 . The instrumentalinstrumental comparison was significantly lower at all times than the visual-instrumental, except the CE device (p=0.813). SV showed a ΔE* ab value below the threshold value for clinical acceptance (ΔE*ab=3.25). The SP and CE devices showed ΔE*ab values greater than 3.3.
For comparison of the various measuring methods (visual vs. instrumental), Bland and Altman plots were used. The colored horizontal lines display the 95% limits of agreement between the differences of ΔE* ab of the visually and instrumentally selected shade tab. For VC, the amplitude of the limits of agreement differed according to the color-measuring device used. In Fig. 1 , the closest range was with SP (ΔE* diff+2.82/−1.78) followed by SV (ΔE*diff+3.37/−2.65) and CE (ΔE*diff+3.41/−2.87). In 95% of cases, the instrumental shade identification of SP, SV, and CE gave results within or close to a clinically acceptable color difference (ΔE* ab<3.3) compared to the visual shade selection.
DISCUSSION
In this study, 336 anterior teeth were measured using three color-measuring devices. For the visual method, one shade guide system was used. The VITA classic shade tab organization is empirical, while the VITA 3D-Master tab arrangement is evidence-based 37) . Unfortunately, the internal databases of the SP and SV devices do not consist of the VITA 3D-Master system shade tabs. The 3D shade guide organization represents a different viewing arrangement for values and chroma than the VC shade guide. Additionally, the 3D System provides more choices: 26 versus 16 shade tabs in the VC system. Nevertheless, the color coverage of the 3D shade guide design is superior to that of the VITA classic design, but a proper introduction and a certain expertise are necessary 38, 39) . The internal databases of colormeasuring devices should be updated to provide a more differentiated examination for future studies.
Due to the nature of tooth color, the "true color" of the teeth tested in vivo could not be determined with any certainty because there is no gold standard for a "correct" evaluation 36, 40) . Thus, many investigations have focused on the repeatability of one instrument in evaluating its performance 8, 19, 41) . As an indicator of shade measurement accuracy, mere repeatability is inadequate -for this purpose the correspondence between visual and instrumental shade identification must be analyzed 13, 27) . In this evaluation, besides qualitative statements (%-agreement, ΔE*ab value) about the agreement of the methods, the 95% limits of agreement indicated acceptability between the visual and instrumental shade selection methods.
The percentage of agreement, that the visual observers and the color measurement device matched a tooth to exactly the same shade tab differed significantly between devices. The SP and CE device showed statistical significant differences, while between the SP and SV device the differences were not significant. When compared with visual shade identification, previous studies have indicated that spectrophotometric devices provide better results 4, 42) . There is apparently no difference in agreement when measuring tooth color under standardized conditions using a spectrophotometer or a colorimetric measuring device 4, 30, 43, 44) . Also, the type of anterior tooth had a significant influence on the agreement rate in the present study. The instrumental shade determination was in agreement significantly more frequently with the visual assessment when the central incisor was evaluated. Although, Hassel et al. showed, that the instrumental results for canines were more reproducible compared to those of the central incisors, due to their higher translucency 45) . On the contrary, for the middle third of the tooth evaluated the canines and lateral incisors showed lower agreement rates in the present study, when compared with the central incisor. An explanation might be the small size of the lateral incisor and therefore the increasing gleaming of the gingiva (cervical) and the dark oral cavity (incisal). This may affect the visual interpretation of the correct body color. The larger curvature of the canine influence the way the light is reflected from the tooth surface into the color-measuring device and could lead to errors. Thus, the first hypothesis of this study must be rejected.
Researches have demonstrated, that shade guides do not represent the full color space of the natural dentition 46) . As a result, teeth shade could not exactly match a specific shade tab, if the tooth lies between two tabs. Nevertheless the evaluator and even the device are forced to choose the tab that appears to be the closest match 27) . The role of the deficit reported among the color consistency of the shade guides produced by the same manufacturer may interact with this observation 47) . Another consideration for visualinstrumental disagreement is the subjectivity of human color perception that is affected by many factors, such as lighting conditions, tooth texture and contour, surrounding colors, clothing, eye fatigue, and observer experience 48) . The visual observer perceives the whole tooth or tab at once, including variations in color and translucency among the different tooth areas. While the measurement device is affected by the amount of light that is reflected, from the surface being focused, back to the sensor 38) . The level of clinical experience is a controversial topic in color science; some authors reported an effect on shade selection ability, whereas others reported no significant influence in shade matching 38, 49, 50) . Previous studies have demonstrated that observers are inconsistent in matching shades, some dentists even change their shade selection from day to day 26, 51, 52) . Thus, the visual shade identification was performed by consensus of two observers under a light-correcting source to reduce color errors and to enhance the shade identification process 37, 38, 53) . The outputted CIE L*a*b*-coordinates were used only for comparison within the color-measuring device, in accordance with the manufacturer's advice. Lehmann et al. compared four color-measuring devices with a spectrophotometric reference system and showed that the measurements using the devices exhibited substantial deviations from a CIE-compliant reference system 40) . Thus, comparison of the CIE L*a*b* coordinates of different devices would not be meaningful. In this present study, the mean ΔE* ab between visually selected shade tab and the evaluated teeth range of 3.62 (SV), 4.37 (SP) to 4.54 (CE) for the closest match. Other authors observed mean ΔE* ab values between 5-6, or similar results of mean ΔE*ab=4.2 46, 54) . The mean ΔE*ab between instrumentally selected shade tab and measured color coordinates range of 3.25 (SV), 3.85 (SP) to 4.52 (CE). The shade tabs selected by the instrument exhibited significant smaller color differences than the visually selected for the SV and SP device. The threshold value for clinical acceptance is defined as ΔE* ab<3. 3 31) . The clinically unacceptable color differences might be explained by the coverage error of the VITA classic shade guide. More precisely, the shade guide system used does not mirror, in the majority of cases, the color space of natural dentition of the population examined 27) . Comparison of the two methods using the VC shade guide showed that in 95% of cases, the SP provided ΔE* ab values to the visual selection in a range that is clinically acceptable. This suggests a substantial deviation between the CIE color coordinates of the measured shade tabs and the color information measured from the teeth. However, there is a lack of consistency in the conversion of the spectrophotometric/colorimetric data into the shade tab information that is commonly used for visual color determination 36, 55) . The results of this study indicate, that there is a significant difference in ΔE* ab between visual and instrumental shade taking, but the limits of agreement showed in the majority of cases their acceptability in a clinical setting. The second hypothesis, that color differences (ΔE* ab) of the visually and instrumentally selected shade tabs differ in a clinically acceptable manner (ΔE* ab<3.3) from the measured CIE L*a*b* coordinates of the teeth, was confirmed for the SP.
Limitations of this study may derive from the population selected. The color of the younger individuals was overrepresented (mean age 27 years; standard deviation 5.4), while the color of older populations was underrepresented. Conclusions regarding the tooth color coverage of the VC must be adapted to a section of the CIE color space.
In this study, spot-measuring devices, such as the VITA Easyshade compact and Shofu Shadeeye-NCC, were not included, because the measuring geometry was not suited to the design of this study. Spot measurement devices seemed to be unaffected by surface reflectance, likely because they obtain color information from the internal layering of the teeth. The reference color coordinates obtained by measuring the shade tabs in comparison to the measurement of the tooth will lead to unequal results, and therefore to misinterpretation of the results of a spot measurement device.
Further clinical researches must be done to proof, if dental color-measuring devices can be used to support or even replace the human eye during the fabrication of ceramic or indirect composite restorations.
CONCLUSIONS
Within the limitations of this study and under the test conditions of instrumental and visual shade matching, the following conclusions were drawn:
1. Agreement rate differs significantly among the color-measuring devices and the type of teeth evaluated; the central incisor had the highest agreement rate. 2. The color differences (ΔE) of the visually and instrumentally selected shade tabs differed in a clinically acceptable manner (ΔE<3.7) from the measured CIE L*a*b* for the VITA classic shade guide system and shade determination using SP.
